The receptor for advanced glycation end-products (RAGE) and its soluble forms are predominantly expressed in lung but its physiological importance in this organ is not yet fully understood. Since RAGE acts as a cell adhesion molecule, we postulated its physiological importance in the respiratory mechanics. Respiratory function in a buffer-perfused isolated lung system and biochemical parameters of the lung were studied in young, adult, and old RAGE knockout (RAGE-KO) mice and wild-type (WT) mice. Lungs from RAGE-KO mice showed a significant increase in the dynamic lung compliance and a decrease in the maximal expiratory air flow independent of age-related changes. We also determined lower mRNA and protein levels of elastin in lung tissue of RAGE-KO mice. RAGE deficiency did not influence the collagen protein level, lung capillary permeability, and inflammatory parameters (TNF-␣, high-mobility group box protein 1) in lung. Overexpressing RAGE as well as soluble RAGE in lung fibroblasts or cocultured lung epithelial cells increased the mRNA expression of elastin. Moreover, immunoprecipitation studies indicated a trans interaction of RAGE in lung epithelial cells. Our findings suggest the physiological importance of RAGE and its soluble forms in supporting the respiratory mechanics in which RAGE trans interactions and the influence on elastin expression might play an important role.
THE RECEPTOR FOR ADVANCED glycation end-products (RAGE) is a pattern recognition receptor of the immunoglobulin superfamily (32) . RAGE is predominantly expressed in lung, particularly in the type I alveolar epithelial (ATI) cells (12, 15, 46) . This specific localization suggests its important physiological function in the alveolar epithelium. In other cell types and tissues, the expression of RAGE is activated in response to pathophysiological conditions, such as the accumulation of advanced glycation end-products (AGEs) and inflammation (1) . RAGE expression is highly associated with lung development and increases during the alveolarization (29, 40) . High RAGE expression prior to the alveolarization period has adverse effects associated with a severe pulmonary dysplasia (16, 41) . A reduced alveolar expression of RAGE is related to pathophysiological changes of the lung tissue, such as carcinoma (3), fibrosis (34, 37) , and chronic obstructive pulmonary disease (COPD) (34) . In addition to the membrane-bound receptor, soluble RAGE (sRAGE) forms exist as the result of either alternative splicing (22) or protein shedding by metalloproteinases (39, 52) . sRAGE normally exists in the bronchoalveolar lavage (BAL) at a high level (53) , but it is deficient in neutrophilic asthma and COPD (47, 49) .
The physiological importance of RAGE in lung is not yet fully understood because mice lacking RAGE do not show obvious pulmonary alterations (5, 9) . Only intervention studies indicated an adverse effect of RAGE in the development of lung fibrosis (14, 19) and acute lung injury (48, 54) . This adverse effect might be primarily mediated by the immuneamplifying function of RAGE following interaction with endogenous ligands, such as the extracellular form of the highmobility group box protein (HMGB) 1 (1) . However, RAGE is not only an immune-amplifying factor but also an ATI cellspecific differentiating factor (12) and a cell adhesion molecule. The cell adhesive function has been firstly described by our group (3) and later supported by others (12, 37) . RAGE enhances the adhesion of alveolar epithelial cells to and spreading on the extracellular matrix (3, 12) , in which the ezrin radixin moesin family proteins seem to be intracellular mediators between RAGE and the actin cytoskeleton (6) .
The alveolar lung epithelium, which is largely lined by ATI cells, is subjected to biomechanical forces due to the periodical respiratory movements. On the basis of the RAGE function as an adhesion molecule (3, 12, 37) specifically located in ATI cells at the basal and lateral site (15) , we postulated the physiological importance of RAGE in supporting the respiratory mechanics. This postulation was confirmed in our study using isolated lungs from mice with and without RAGE expression.
MATERIALS AND METHODS

Animals.
Wild-type (WT) C57Bl/6N mice (Charles River, Sulzfeld, Germany) and RAGE knockout (RAGE-KO) C57Bl/6N mice [kindly provided by P. P. Nawroth (9) ] were studied at different ages ( Table 1) . The animal studies were performed in accordance with the Guide for the Care and Use of Laboratory Animals after approval of the local Animal Care Committee, Halle (Saale). For lung removal, mice were killed by cervical dislocation. One part of the tissue was fixed in 4% phosphate-buffered formaldehyde and embedded in paraffin, and another part was frozen in liquid nitrogen.
Ex vivo lung perfusion. The ex vivo respiratory mechanics was studied by use of the isolated buffer-perfused mouse lung system (Hugo Sachs Elektronik-Harvard Apparatus, March-Hugstetten, Germany). The mouse was anesthetized with intraperitoneal ketamine/ xylazine and placed in the artificial thoracic chamber. The trachea was cannulated to provide constant positive-pressure ventilation (90 breaths/min) with room air. Preparation of the mouse lung was performed as described by Sharma et al. (44) . Krebs-Henseleit (KHL) buffer (Sigma-Aldrich, Steinheim, Germany) supplemented with 0.1% glucose, 0.3% HEPES, and 2% BSA fraction V (AppliChem, Darmstadt, Germany) was used as perfusion buffer, which was oxygenated with carbogen to yield a pH 7.4. Negative-pressure ventilation was performed at 90 breaths/min with regular induction of an augmented breath/4 min, constant minimal pleural pressure (2 cmH 2O), body weight-adapted tidal volume (7 l/g) and 1 ml/min perfusate flow at 37°C (44) . After an equilibration period of 20 min, lung physiological data were recorded for 90 min by the PULMO-DYN Pulmonary Mechanics Data Acquisition software. To assess the lung capillary leakage, the lung was finally perfused for 7 min with KHL buffer containing 1 mg/ml tetramethylrhodamine-5-(and 6)-isothiocyanate (TRITC)-labeled dextran (65-85 kDa; Sigma-Aldrich). After perfusion with dextran-free KHL buffer for further 3 min, the lung was lavaged three times with 0.5 ml saline. BAL fluids were pooled and centrifuged for cell removal. Lung capillary permeability was determined by quantifying TRITC-labeled dextran in the BAL fluid per standard series (550 nm excitation/590 nm emission) by use of the infinite M1000 fluorescence reader (Tecan, Grödig, Austria). Protein was determined with the Bicinchoninic Acid kit (Pierce, Rockford, IL), HMGB1 with the HMGB1 ELISA kit (IBL International, Hamburg, Germany), and TNF-␣ with the mouse TNF-␣ ELISA Ready-SET-Go kit (eBioscience, Frankfurt, Germany).
Histochemistry. Paraffin sections of mouse lungs were cut (5 m), dewaxed, and rehydrated. After immersion in 0.25% sodium permanganate and clearing in 5% oxalic acid, elastic fibers were stained overnight with Weigert resorcin-fuchsin (0.05% in acid 70% ethanol; Waldeck, Münster, Germany) and then counterstained for 5 min with tartrazine (0.25% in saturated picric acid; Sigma-Aldrich). Elastin was also stained with orcein (1% in acid 70% ethanol; Roth, Karlsruhe, Germany) for 3 h. Collagens were stained with picrosirius red (0.1% in saturated picric acid) for 1 h. For background correction per surface tissue density all sections were stained with diluted neutralized Löffler methylene blue solution (Roth) for 15 min. Parenchymal regions of the lung sections were evaluated by using the Axiovert microscope (ϫ20 magnification) equipped with Spot Camera (Carl Zeiss, Jena, Germany) and Metamorph 4.6.5 software (Visitron Systems, Puchheim, Germany). The total pixel area of the stained elastin or collagen was calculated for an area of 262,848 m 2 per image. Finally, 15 images per three sections were evaluated, normalized per background (methylene blue staining), and then averaged.
Cell culture and expression vectors. We studied the human alveolar epithelial cell line NCI-H358 (ATCC, Manassas, VA) and mouse lung fibroblasts, which were cultured in DMEM containing 10% fetal calf serum (Perbio, Bonn, Germany) at standard conditions. Fibroblasts were isolated from mouse lung tissue by enzymatic digestion of the minced tissue with 0.05% trypsin (Life Technologies, Karlsruhe, Germany) and 15 units collagenase P (Roche Diagnostics, Mannheim, Germany) in 25 ml phosphate-buffered saline. After 30 min of enzymatic digestion, the cell suspension was strained through a 150-m nylon filter (Partec, Münster, Germany), spun down at 500 g, and seeded onto a cell culture plate. Lung fibroblasts remained as primary cell population after three passages. TGF-␤ 1 (2 ng/ml in serum-free DMEM; R&D Systems) was used for cell stimulation.
Human RAGE and ⌬cytoRAGE cDNA were cloned into the pIRES2-EGFP vector (Clontech, Mountain View, CA) as described before (3) . COOH-terminally hemagglutinin (HA)-tagged human RAGE cDNA was amplified by polymerase chain reaction (PCR) and then cloned into the pcDNA3.1(ϩ) vector (Invitrogen, Carlsbad, CA). COOH-terminally green fluorescent protein (GFP)-tagged human RAGE was generated by cloning RAGE cDNA into the pEGFP-C3 vector (Clontech). COOH-terminally cyan fluorescent protein (CFP)-tagged human ⌬cytoRAGE was generated by cloning ⌬cytoRAGE cDNA in the pECFP-C3 vector (Clontech). COOH-terminally HAtagged mouse RAGE cDNA and COOH-terminally His-tagged mouse sRAGE cDNA were amplified by PCR and then cloned into the pIRES2-EGFP vector (Clontech). Cells were transiently transfected with purified recombinant plasmids or the vector alone by use of the FuGENE HD transfection reagent (Promega, Mannheim, Germany). For stable expression, cells were selected for EGFP fluorescence by using the FACS Vantage cell sorter (BD Bioscience, San Jose, CA) and/or their antibiotic resistance. RAGE overexpression was assessed by immunoblot using a RAGE antibody (ab37647; Abcam, Cambridge, UK), and the overexpression of mouse sRAGE was detected with the Mouse RAGE Duo Set ELISA kit (R&D Systems, Wiesbaden, Germany).
Expression analyses. Total RNA was isolated with TRIzol reagent (Invitrogen) and cleaned up by use of the InviTrap Spin Cell RNA Mini kit (Stratec, Berlin, Germany). For gene chip studies biotinlabeled cRNA was synthesized from total RNA by use of the Ambion WT Expression kit (Applied Biosystems, Carlsbad, CA) and subjected to the GeneChip hybridization procedure using Mouse Array 2.0 and GeneChip Fluidics station 450 from Affymetrix (Santa Clara, CA). Gene chips were scanned by using the Affymetrix GeneChip Scanner 7G with GeneChip Command Console 3.1 software. Data calculation was performed with the Robin software (30) .
For PCR analyses cDNA was synthesized from total RNA by reverse transcription and then amplified with mouse-specific primer pairs for ATPase5A1 (TAT GCG GGT GTA CGG GGT TAT CTT, TGA GCT TTG CGT CTG ACT GTT CTG), elastin_2 (sense: TCC TGG AGC CAC TCT TAC AG, antisense: CTC TCT CTC CCC AAT TAG CC; Biomol, Hamburg, Germany, used for lung tissue because of better amplification of low mRNA amounts in tissues), elastin_1 (sense: GGA CCC CTG ACT CGC GAC CT, antisense: GGG GAG GTG GGA CTG CCC AA; used for isolated fibroblasts), collagen types [for primer sequences see Rolewska et al. (43)], cytochrome c1 (CCA GGT ATA CAA GCA GGT GTG CTC, CAT CAT TAG GGC CAT CCT GGA C), or 18S rRNA (GTT GGT GGA GCG ATT TGT CTG G; AGG GCA GGG ACT TAA TCA ACG C). Semiquantitative PCR was performed with PCR mix (Promega) in a standard thermocycler. After agarose gel electrophoresis the amplified cDNAs were detected and quantified by using the LAS 3000 computer-based imaging system (FUJI Film, Tokyo, Japan) equipped with AIDA 2.0 software (Raytest, Straubenhardt, Germany). Semiquantitative realtime PCR (semi-qPCR) was performed with GoTaq qPCR mix (Promega) using the iCycler iQTM system (Bio-Rad; Hercules, CA). The (36) . To study the amount and enzyme solubility of collagens, the fibrillar collagens were isolated from frozen lung tissue as described recently (43) . In brief, lung tissue was treated with pepsin from porcine gastric mucosa (Sigma-Aldrich) and then with proteinase K (AppliChem) and Clostridium histolyticum collagenase type I (SigmaAldrich) to get the enzyme-soluble fraction. The remaining insoluble fraction was treated with hydrochloric acid. Collagen was quantified in each fraction according to the protocol of the 4-hydroxyproline assay (28 Statistics. Unless otherwise stated the number of samples studied is given in Table 1 . Statistical calculations and data presentation were performed with the SigmaStat 3.5 software and SigmaPlot 10 software Table 1 ) with *P Յ 0.05 and **P Յ 0.01 for the pairwise multiple comparisons. Bars indicating significances belong to the respective symbol above. Mean data Ϯ SD (n Ն 5, for detail see Table 1 ). No significances determined.
(Systat Software, San Jose, CA). For multiple comparisons we used the ANOVA procedure followed by Student-Newman-Keuls method (parametric data) or Dunn's method (nonparametric data). Student's t-test (parametric data) or Mann-Whitney Rank Sum test (nonparametric data) was used for the comparison of two study groups. P Յ 0.05 indicates significant differences.
RESULTS
RAGE trans interaction in alveolar epithelial cells.
Previous studies of alveolar epithelial NCI-H358 cells overexpressing RAGE indicated the membrane localization of RAGE particularly at the intercellular contact sites independent of its cytoplasmic domain (2) . Because RAGE forms dimers by the homophilic cis interaction (10, 26, 55), we postulated the additional formation of RAGE dimers at the cell-cell contacts by a trans interaction. This was also suggested by fluorescent microscopy analyses that showed an overlay of full-length RAGE or RAGE lacking the cytoplasmic domain (⌬cytoRAGE) at the intercellular contacts of cocultured NCI-H358 cells expressing differentially labeled RAGE or ⌬cytoRAGE (Fig. 1A) . Finally, the coimmunoprecipitation of RAGE from NCI-H358 cells expressing either GFP-or HA-labeled RAGE confirmed the homophilic trans interaction of RAGE (Fig. 1B) .
Effect of RAGE on the ex vivo lung function depending on age. The ex vivo functional studies using lungs of young, adult, and old WT mice and RAGE-KO mice showed that the loss of RAGE as well as advanced age cause an increased dynamic compliance of the lung ( Fig. 2A) and a reduced maximal expiratory air flow (Fig. 2B) . Although the RAGE dependency of compliance and expiratory air flow has been observed for all age groups, it was more pronounced in older than in younger mice (Fig. 2, A and B) . In very young mice (Յ3 mo, n ϭ 10 each genotype), dynamic compliance and expiratory air flow were not altered by RAGE (data not shown).
In contrast to compliance and expiratory flow, RAGE had no significant effect on the airway resistance, which was generally reduced in old mice (Fig. 2C) . We also did not find an effect of RAGE on the lung capillary permeability determined by TRITC-labeled dextran ( Table 2 ). The unaltered level of total protein, TNF-␣, and HMGB-1 in the BAL fluids taken at the end of the ex vivo lung perfusion (Table 2 ) indicated no inflammatory effect of RAGE.
Effect of RAGE on the lung expression of extracellular matrix proteins. The RAGE-dependent lung function suggested an effect of RAGE on the lung elasticity, which is determined by surfactants and extracellular matrix proteins (33) , including elastin and collagen (8, 35) . Although RAGE had no effect on the mRNA expressions of surfactant proteins (gene microarray analysis; data not shown), we found a lower mRNA and protein level of elastin in young RAGE-KO mice than in WT mice (Tables 3 and 4 , Fig. 3, A and B) . The lower mRNA level was detected by gene microarray and semi-qPCR analysis (Tables 3 and 4) . The lower protein level of elastin was detected in lung sections stained histochemically with resorcin-fuchsin (Figs. 3, A and B) and orcein (data not shown). Moreover, the mRNA expression of collagen I but not III and IV was reduced in young RAGE-KO lungs (Tables 3 and 4) , but without an effect on the total collagen protein level (Fig. 3,  C and D) . The mRNA expression of the lysyl oxidase, which catalyzes the cross-links in collagen and elastin precursors, was also reduced in young RAGE-KO lungs (Table 3) .
With higher age the mRNA levels of all matrix proteins studied were generally lowered; thus RAGE-dependent effects are abolished (Tables 3 and 4 ). For elastin, the age-dependent reduction in elastin mRNA has only been observed by analysis with gene microarray but not semi-qPCR (Tables 3 and 4) , which might base the effect of aging processes on the level of mature but not premature elastin mRNA (18) . Since our array analysis specifically quantified mature mRNAs whereas our Gene microarray data are given as mean log2 signal intensity for the gene-related probe set Ϯ SD (n ϭ 6 each group). *P Ͻ 0.05 and **P Ͻ 0.01 vs. WT mice of the same age group. †P Ͻ 0.05 and † †P Ͻ 0.01 vs. young mice of the same genotype. Semiquantitative PCR (semi-qPCR) data per ATPase5A1 mRNA are given as means Ϯ SD (n Ն 5, for detail see Table 1 ). *P Ͻ 0.05 vs. WT mice of the same age group. †P Ͻ 0.05 and † †P Ͻ 0.01 vs. young mice of the same genotype. Table 1 ) with *P Յ 0.05 and **P Յ 0.01 for the pairwise multiple comparisons or #P Յ 0.05 and ##P Յ 0.01 for comparison in the individual age group. Bars indicating significances belong to the symbol above.
PCR analysis also quantified premature elastin mRNA, the gene array data are probably more correct in this specific case (Table 1) . At high age we also did not find an effect of RAGE on the protein level of elastin (Fig. 3A) . However, old extracellular matrix is altered by protein modifications including AGEs that might affect correct analyses of matrix proteins (45) . These age-related matrix changes are additionally indicated by the lower enzymatic solubility of old collagen without simultaneous effect of RAGE (Fig. 3D) .
Effect of RAGE and sRAGE on the elastin expression in vitro. Fibroblasts are the main source of elastin expression in lung (8) . Therefore, we transiently transfected primary mouse fibroblasts with mouse RAGE or sRAGE plasmids and investigated the elastin mRNA expression. The transient overexpression of both mouse RAGE and sRAGE in lung fibroblasts increased the elastin mRNA level in a way similar to that of TGF-␤ 1 stimulation (Fig. 4) . The mRNA expression of elastin was even higher in fibroblasts when they were cocultured with epithelial NCI-H358 cells overexpressing sRAGE (Fig. 4) . This difference might result from the higher amount of sRAGE released into the medium from sRAGE-overexpressing NCI-H358 (38 ng/ml) than from sRAGE-overexpressing fibroblasts (0.4 ng/ml).
DISCUSSION
Our study demonstrated the importance of the physiologically high expression level of RAGE and its soluble form in supporting the respiratory mechanics of the lung, especially the dynamic lung compliance and the maximal expiratory air flow. The formation of RAGE dimers at the cell-cell contacts by a trans interaction and the RAGE-mediated elastin expression have been suggested as direct and indirect mechanisms, respectively, contributing to the beneficial effect of RAGE on the lung biomechanics.
RAGE is highly expressed in lung, but its depletion does not mediate obvious pulmonary changes associated with an altered life expectancy (5) . This was also indicated indirectly in our study in which a high number of RAGE-KO mice reached the age of 24 mo and older. Only Englert et al. (13) described an increased tendency for idiopathic pulmonary fibrosis-like alterations in older RAGE-KO mice. This could not be con- Elastin mRNA expression, which was determined by PCR with subsequent gel electrophoresis, in primary mouse lung fibroblasts overexpressing either mouse RAGE or soluble RAGE (sRAGE) (A), or directly cocultured with lung epithelial NCI-H358 overexpressing mouse sRAGE (B). C: mRNA per 18S rRNA was analyzed 24 h after transfection of the mouse fibroblasts compared with the TGF-␤1 treatment for 12 h. In the coculture experiments, human NCI-H358 cells were transfected for 24 h and then cocultured with the mouse fibroblasts for further 48 h. Mouse elastin mRNA was then specifically analyzed per mouse cytochrome c1 (cyc c1) mRNA to avoid mRNA detection of the human cells. Mean data Ϯ SD (n ϭ 3 independent experiments each performed as duplicate) with *P Յ 0.05 vs. control. Bars indicating significances belong to the symbol above.
firmed in our histochemical and biochemical analysis, in which no significant effect of RAGE on the lung collagen level was detected. However, RAGE should have a supporting effect on the lung biomechanics as demonstrated for the lower dynamic lung compliance and better maximal expiratory air flow. The mouse airway resistance was reduced with advanced age as also observed by Huang et al. (20, 21) , but this reduction is not significantly influenced by RAGE. Our findings are in contrast to previous observations of Ramsgaard et al. (38) , who did not find RAGE-dependent differences in the respiratory function. One reason for this discrepancy might be the young age of the mice (younger than 3 mo) used in their study (38) because RAGE expression might reach its maximal level first when lung development is nearly completed [earliest with 4 mo (31)]. Our additional studies investigating 3-mo-old mice, which did not show an effect of RAGE on lung physiological parameters, confirmed this assumption. Therefore, we commonly studied mice of minimum 4 mo of age and older mice. Especially the comparative analysis with the older mice of the WT group showed that RAGE deficiency leads to biomechanical changes of the lung that are similar to the aging lung. However, mice do not use their full pulmonary capacity in general living conditions, which might, at least in part, explain the missing effect of RAGE on the quality of life of RAGE-KO mice.
The lower dynamic lung compliance in WT mice than in RAGE-KO mice suggests the higher stiffness of the normal RAGE-expressing lung tissue, in which the biomechanical interactions between cells and their matrix as well as the mechanical coupling of cells need to be considered (4, 23) . Hence, it is well conceivable that the cell adhesive function of RAGE itself leads to higher tissue stiffness; firstly, by the RAGE interaction with the extracellular matrix (3, 12) , and secondly, by the RAGE trans interaction at the intercellular contact sites as shown in our study. Unfortunately, we could not compare the effect of RAGE on the lung compliance with that of structurally similar immunoglobulin-like cell adhesion molecules in the lung, such as CADM1/SynCAM (51), because of the lack of respective experimental studies.
The reduced maximal expiratory air flow in RAGE-deficient mice is an indication for a better lung elastic recoil of the normal RAGE-expressing lung tissue, which depends on surfactant proteins and the expression and age-dependent modification of elastic fibers (8, 35, 45) . The higher mRNA and protein expression of elastin in the lung of WT mice compared with RAGE-KO mice might explain this faster expiratory air flow but also the lower lung compliance. This inverse correlation between level of functional elastin and lung compliance was already demonstrated in elastase treatment models (24, 25) and indirectly in experimental aging models (20, 21) . In contrast, surfactant proteins do not seem to play a pivotal role because their expression was not influenced by RAGE.
Long-lived elastin is synthesized mainly from lung fibroblasts during the alveolarization (8, 35, 45) . Our overexpression studies clearly demonstrated that RAGE enhances the mRNA expression of elastin in lung fibroblasts. This enhancement has also been demonstrated for sRAGE. The comparable effect of RAGE and its soluble form on the elastin expression leads to the suggestion that sRAGE acts as an active soluble receptor, which is known for other receptors including the epithelial growth factor receptor (17) . Epithelial ATI cells are the primary source of sRAGE/RAGE and not fibroblasts (12, 15, 46) , and the fact that sRAGE is highly present in the lung lavage leads to the suggestion that sRAGE largely mediates the elastin expression of fibroblasts in vivo. This suggestion is supported by our cocultivation studies demonstrating that epithelial-derived sRAGE significantly increases the mRNA expression of elastin in adjacent lung fibroblasts. The elastin mRNA expression can be induced by the TGF-␤ receptor/ Smad signaling pathway and stabilized by the active protein kinases p38 and/or PKC␦ (11, 27) . Out of these factors p38 was reported to be involved in RAGE signaling (7, 42, 50) . Therefore, it is well conceivable that sRAGE/RAGE contributes to higher elastin levels via p38 action.
In summary, our findings indicate the physiological importance of the predominant RAGE expression in the postnatal lung. In this regard, we showed a supporting effect of RAGE on the pulmonary biomechanics in which its function as a cell adhesion molecule and a stimulator for elastin expression might play a central role.
